The development of low-cost catalysts with oxygen reduction reaction (ORR) activity superior to that of Pt for fuel cells is highly desirable but remains challenging. Herein, we report a bimetalorganic framework (bi-MOF) self-adjusted synthesis of support-free porous Co-N-C nanopolyhedron electrocatalysts by pyrolysis of Zn/Co bi-MOF without any post-treatments. The presence of initial Zn forms a spatial isolation of Co which suppresses its sintering during pyrolysis and the Zn evaporation also promotes the surface area of the resultant catalysts. The composition, morphology, and hence ORR activity of Co-N-C could be tuned by the Zn/Co ratio. The optimal Co-N-C exhibited remarkable ORR activity with a half-wave potential of 0.871 V vs RHE (30 mV more positive than that of commercial 20 wt% Pt/C) and a kinetic current density of 39.3 mA cm -2 at 0.80 V vs RHE (3.1 times that of Pt/C) in 0.1 M KOH, plus excellent stability and methanol tolerance. It also demonstrated comparable ORR activity and much higher stability than those of Pt/C in acidic and neutral electrolytes. Various characterization techniques including X-ray absorption spectroscopy revealed that the superior activity and strong stability of Co-N-C originated from the intense
interaction between Co and N, high content of ORR active pyridinic and pyrrolic N as well as large specific surface area.
Electrochemical oxygen reduction is a crucial and limiting process for several emerging renewable energy technologies that operate in acidic (proton exchange membrane fuel cells), basic (alkaline fuel cells or chlor-alkali electrolyzers), or neutral (microbial fuel cells) electrolytes.
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Although Pt-based materials have proven to be excellent ORR catalysts, the prohibitive cost, scarce reserve, poor durability, and methanol crossover significantly prohibit their large-scale application. 1910111213 Consequently, great efforts have been devoted to developing nonprecious alternatives such as earthabundant metal alloys, 10 transition metal oxides, 2 and metal-free heteroatom-doped carbons, 141516171819202122 among which, transition metal-nitrogen-carbon (M-N-C) composites have attracted increasing interest owing to their low-cost and comparable catalytic activity.
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However, most reported M-N-C electrocatalysts still require higher ORR overpotential than that of Pt in alkaline media, 2628 partially due to the nonuniform and insufficient exposure of catalytic active sites resulting from the lack of accurate control of the catalyst composition and/or structure. In addition, the usually tedious post-treatment procedures, such as longstanding hot acid leaching and/or iterative high temperature annealing (Tables S1 and S2 in Supporting Information), significantly increase their cost of scalable production.
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Hence, we seek to develop earth-abundant catalysts via low-cost preparation methods for various energy applications. 37, 38 Resulting from the unique features of high specific surface area, controllable pore texture, and diverse composition, metal-organic frameworks (MOFs) offer an opportunity to obtain competent ORR electrocatalysts after carbonization. However, due to the limited thermal stability, directly carbonized MOF usually suffer from low specific surface area and thus mediocre catalytic activity. 41 Accordingly, high surface area supports or exotic additives are typically needed, which complicate the synthetic procedures. In fact, most of these composites still show inferior ORR activity compared to Pt. 3944 Therefore, it is highly desirable to explore a simple and scalable method to achieve self-supported MOF-derived nonprecious electrocatalysts with ORR activity better than that of Pt.
Herein, we report a facile and novel Zn and Co bi-MOF self-adjusted route to produce selfsupported Co-N-C nanopolyhedrons as superior ORR electrocatalysts by direct pyrolysis of Zn x Co 1-x (MeIM) 2 frameworks (MeIM = 2-methylimidazole and "x" indicates the molar ratio of Zn in the initial bi-MOF). As illustrated in Figure 1 , no other post-treatments were involved (see Experimental for details). The presence of Zn species not only form a spatial isolation for Co to suppress its sintering, but also increase the specific surface area of the resulting catalysts due to the evaporation of Zn during pyrolysis. (Table S1 ). Moreover, Co-N-C also exhibited excellent ORR activity and stability in acidic and neutral electrolytes. Various characterization techniques including X-ray absorption spectroscopy revealed that the superior activity and strong stability of Co-N-C originated from the intense interaction between Co and N, high content of ORR active pyridinic and pyrrolic N, along with large specific surface area. We believe this bi-MOF self-adjusted synthetic strategy can be extended to produce other M-N-C catalysts for multiple energy-related applications 
RESULTS AND DISCUSSION
As revealed by scanning electron microscopy (SEM) and scanning transmission electron microscopy (STEM), uniform polyhedron-like bi-MOF named as Zn 0.8 Co 0.2 (MeIM) 2 could be obtained ( Figure 2a and Figure (Tables S1 and S2 ). To the best of our knowledge, this "self-adjusted" route in bi-MOF has rarely been reported for ORR electrocatalysis.
X-ray photoelectron spectroscopy (XPS) showed that Co-N-C mainly consisted of C, Co, and N ( Figure S6a) , consistent with the element mapping and EDX results. High-resolution Co 2p spectrum ( Figure S6b ) further confirmed the presence of metallic Co. 24 High-resolution N 1s spectrum ( Figure   S6c ) can be fitted by three sub-peaks corresponding to pyridinic N (398.7 eV, 47%), pyrrolic N (400.5 eV, 43%), and oxidized N (403.7 eV, 10%).
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The contents of Co and N measured by inductively coupled plasma-atomic emission spectrometry and element analysis were 10.6 wt% and ). 40 The KouteckyLevich (K-L) plots from RDE polarization curves at different rotating speeds for Co-N-C (Figure 3b) between 0.82 and 0.20 V resulted in nearly parallel fitting lines and the calculated electron transfer number (n) was from 3.84 to 4.00, suggesting a four-electron ORR pathway. The calculated n was 3.94~3.98, suggesting a four-electron ORR process, similar to those of Pt/C (Figures S10a and b) . It was found that the E 1/2 of Co-N-C (0.761 V, Figure 4b ) was only 59 mV lower than that of Pt/C (0.820 V) and much higher than those of reported nonprecious electrocatalysts such as meso/micro-PoPD (~0.70 V) 18 and PpPD-Fe-C (0.718 V). 33 The excellent ORR activity of Co-N-C was also gleaned from the small Tafel slope of 93 mV dec ) and many other nonprecious catalysts. Table S2 compares the ORR catalytic performance of Co-N-C and other reported catalysts in strong acidic electrolyte, clearly demonstrating the superior ORR activity of our Co-N-C. The low H 2 O 2 yield (< 3.1%) and high n (>3.94) of Co-N-C obtained by RRDE measurements (Figure 4c ) also verified this conclusion. Furthermore, Co-N-C showed much better stability than Pt/C, as revealed by a much smaller negative shift of E 1/2 (4 mV vs. 29 mV) after 5000 continuous potential cycles (Figure 4d and Figure S10c) .
In neutral phosphate buffer, the RDE polarization curves of Co-N-C at different rotating speeds also exhibited well-defined diffusion-limiting currents after a mixed kinetic-diffusion region, good linearity of K-L plots and the nice parallelism of the fitting lines (Figure 5a ).
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The RRDE study revealed a low H 2 O 2 yield (< 16%) and a high n (> 3. To gain deeper insights about the superior ORR activity of Co-N-C, the X-ray absorption nearedge structure (XANES) spectra of Co-N-C, carbonized ZIF-8 and carbonized ZIF-67 were collected ( Figure 6 and Figure S12 ). The drastic difference in the Co K-edge of the Co-N-C compared to cobalt oxides (CoO and Co 3 O 4 ) unambiguously excludes the major involvement of the latter in our Co-N-C (Figure 6a and Figure S12a ). In fact, the Co K-edge of carbonized ZIF-67 is very similar to that of Co foil, indicating the metallic Co nature of those large Co particles. However, the Co K-edge of Co-N-C was shifted to higher energy relative to that of carbonized ZIF-67, implying a much stronger interaction between Co and coordinated N, which would cause more electron transfer from Co to N. 47 Such a positive shift in energy was also observed in the Co L-edge of the two samples ( Figure S12b ). Similar to Fe-N-C catalysts, the electron-withdrawing character of N leads to lower electron density at the Co center and hence anodic shift in its redox potential (a downshift of the Co e g orbital), 30 which will optimize the bond strength between Co and ORR intermediates and subsequently result in higher ORR activity. Such a Co-N interaction would also lead to a negative shift of the pyridinic π* transitions in the N K-edge, as verified by the results in Figure 5b . It was also found that the total content of ORR active pyridinic and pyrrolic N (7.65 wt%) 48 in Co-N-C was much higher than those of carbonized ZIF-8 (6.73 wt%) and ZIF-67 (<1.1 wt%), which further promoted ORR activity (Table S3) Tables S1 and S2 for more details), the catalysts reported by Jiang et al. required these laborious post-treatments (strong acid leaching and high temperature annealing). In addition, a second high temperature annealing with toxic phosphorous source (triphenylphosphine) was required to achieve the final P-doped catalyst to further boost the ORR activity. In contrast, our synthetic procedure is very facile and straight forward. After carbonization once, the resulting materials can be directly used as ORR electrocatalysts without any posttreatments and/or additives. To the best of our knowledge, such a simple procedure to achieve highquality ORR catalysts has rarely been reported. Secondly, our Co-N-C catalyst exhibited superior ORR activity in 0.1 M KOH with E 1/2 of 0.871 V vs. RHE, which is much better than those reported by Jiang and many others (see Table S1 ). Furthermore, our Co-N-C also demonstrated remarkable ORR performance in acidic (see Figure 4 and Table S2 ) and neutral electrolytes ( Figure 5 ). Finally, synchrotron X-ray absorption spectroscopy, coupled with detailed XPS and elemental analysis data allowed us to obtain more insights into the origin of the composition-structure-activity relationship, which were lack in Jiang's report. In fact, because of the phosphidation step, the composition of their optimal catalyst is already different from that of our Co-N-C.
CONCLUSION
In summary, we have described a facile and novel bi-MOF self-adjusted strategy to synthesize self-supported porous Co-N-C nanopolyhedron electrocatalysts by direct pyrolysis of Zn and Co bimetal-organic frameworks without any post-treatments such as longstanding acid leaching and/or iterative high temperature annealing. The optimal Co-N-C exhibit three dimensional hierarchical porosity, high specific surface area (484 m ) and most reported nonprecious electrocatalysts. Additionally, our Co-N-C also showed comparable ORR activity and much better stability than Pt/C even in acidic and neutral electrolytes. Overall, the simplicity and low cost of the bi-MOF self-adjusted method endows it with a high promise for large-scale catalyst preparation. Moreover, such a strategy should be extendable to prepare other transition metal-nitrogen-carbon composites for various energyrelated applications. seconds to remove adventitious contaminants and surface oxides. XPS data were analyzed using CASA XPS software, and energy corrections on high resolution scans were calibrated by referencing the C 1s peak of adventitious carbon to 284.5 eV.
EXPERIMENTAL SECTION
The cobalt K-edge spectra were collected at the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory on beamline 10.3.2 with an electron energy of 1.9 GeV and an average current of 500 mA. The radiation was monochromatized by a Si (111) double-crystal monochromator. Intensity of the incident X-ray was monitored by an N2-filled ion chamber (I0) in front of the sample. Fluorescence spectra were recorded using a seven-element Ge solid-state detector. The monochromator energy was calibrated with
Co foil rising edge energy (7709.5 eV). Data reduction of the XAS spectra was performed using custom-made software (Dr. Matthew Marcus). Pre-edge and post-edge contributions were subtracted from the XAS spectra, and the results were normalized with respect to the edge jump. The other X-ray absorption spectra were collected at bending magnet beamline 6.3.1 (1011 photons/s). Powder samples were pressed into In foil before mounting to a Cu sample plate. The energy of the incident X-ray beam was controlled with a variable line spacing plane grating monochromator (VLS-PGM) and its intensity monitored with a gold mesh upstream of the samples. All spectra were collected in total electron yield (TEY) mode. For the N K-edge spectra, the baselines were fit to third-order polynomials and removed, and spectral intensities were normalized to the peak near 408 eV. The nitrogen K-edge spectrum of polycrystalline h-BN powder was collected in TEY mode and used for energy calibration of all N K-edge spectra. Co L-edge spectra were subjected to a linear baseline correction, and spectral intensities were normalized to the post-edge intensity at 810. where J is the measured current density, JK and JL are the kinetic and limiting current densities, ω is the rotating speed (rpm), n is the electron transfer number, F is the Faraday constant (96485 C mol ). In order to eliminate the inference of double layer capacitance, the electrolyte was deaerated by bubbling with N2, and then the voltammogram was evaluated in the deaerated electrolyte. The oxygen reduction current was calculated as the difference between currents measured in the deaerated and O2-saturated electrolytes. For RRDE tests, a computer-controlled CHI 660A electrochemical workstation was employed and the disk electrode was scanned catholically at a rate of 5 mV s at room temperature by potential cycling ranging from 1.15 to 0.15 vs RHE for 5,000 cycles. At the end of cycling, the final catalyst-loaded working electrode was subjected to polarization measurement. In order to highlight the difference of half-wave potential for Co-N-C before and after 5,000 cycles, we show the polarization curves near the mixed-diffusion region in the main text. iR (current times internal resistance) compensation was applied in all the electrochemical experiments to account for the voltage drop between the reference and working electrodes using Gamary Framework™ Data Acquisition Software 6.11.
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